Background. Arthropod-borne viruses (arboviruses) transmitted by mosquito vectors cause 20 many important emerging or resurging infectious diseases in humans including dengue, 21 chikungunya and Zika. Understanding the co-evolutionary processes among viruses and 22 vectors is essential for the development of novel transmission-blocking strategies. 23
integrations from Reoviridae were separated from currently known viral species in this family 154 ( Figure 4A,B) . Integrations from Bunyaviridae were at the base of the phylogenetic tree and 155 clustered with newly identified viruses such as Imjin virus and Wutai mosquito virus [40,41] 156 ( Figure 4C ). In contrast, we observed numerous integrations from viruses of different genera 157 within the Rhabdoviridae family and from viruses of the Flavivirus genus in multiple mosquito 158 species, predominantly in Ae. aegypti and Ae. albopictus (Figure 2) . Rhabdoviridae-like 159 NIRVS (R-NIRVS) had similarities to genes encoding Nucleoprotein (N), Glycoprotein (G) 160 and the RNA-dependent RNA polymerase (L), the relative abundance of which differed 161 across mosquito species. We did not detect integrations corresponding to the matrix (M) or 162 phosphoprotein (P) genes, consistent with observations in other arthropods [28] . R-NIRVS 163 from Culicinae and Anophelinae formed separate clades in phylogenetic trees, supporting 164 the conclusion that independent integrations occurred in the two mosquito lineages ( Figure  165 4E). Flavivirus-like NIRVS (F-NIRVS) with similarities to structural genes (envelope [E], 166 membrane [prM] and capsid [C]) were less frequent than integrations corresponding to non-167 structural genes ( Figure 2 ). Some R-NIRVS or F-NIRVS sequences within one mosquito 168 genome were highly similar to each other (nucleotide identity > 90%, (Additional file 5: 169 Supplemental Table S5 ), which suggest that these were duplicated in the genome after a 170 single integration event. This interpretation is also supported by the genomic proximity of 171 several of these NIRVS ( Figure 5) . Surprisingly, identical NIRVS in Ae. aegypti were found 172 not only adjacent to one another, but also at locations that are physically unlinked (i.e. 173
AeRha138, AeRha110 and AeRha111). Thus, we cannot determine whether these identical 174 NIRVS represent recent independent integration events or arose from duplication or ectopic 175 recombination after integration. 176
Generally, NIRVS were most similar to insect-specific viruses (ISVs), which replicate 177 exclusively in arthropods, but are phylogenetically-related to arboviruses [10,42] ( Figure 4D ). 178
However, we observed integrations that were most similar to arboviruses of the Vesiculovirus 179 genus (Rhabdoviridae) in both Ae. aegypti and Ae. albopictus (Additional File: Supplemental 180 Table S3 ). 181 NIRVS produce piRNAs and map in piRNA clusters more frequently than 182 expected by chance. To better understand the mechanisms of integration, we analyzed in 183 greater detail the genomic context of NIRVS in Ae. aegypti and Ae. albopictus, the 184 mosquitoes with the largest number of identified NIRVS. Previously, uncharacterized viral 185 sequences were identified as piRNA producing loci in Ae. aegypti [23, 43] , and these 186 observations prompted us to analyze whether NIRVS are enriched in piRNA clusters. 187
Currently annotated piRNA clusters represent 1.24% and 0.61% of the Ae. aegypti and Ae. 188 albopictus genomes, respectively [23, 44] . Remarkably, 44% and 12.5% of all NIRVS map to 189 these genomic loci, and these frequencies are significantly higher than expected by chance 190 (Table 2) . Enrichment of NIRVS in piRNA clusters in Ae. aegypti was driven by two regions 191 that harbored one fourth of all NIRVS loci (region1: scaffold 1.286: 1316885-1429979; region 192 2: scaffold 1.1: 1160748-1472976), which includes piRNA cluster 3 and piRNA clusters 2 and 193 30, respectively [23] . In these two regions, NIRVS span partial ORFs with similarities to 194 different Rhabdovirus and Flavivirus genes, with instances of duplications as well as unique 195 viral integrations ( Figure 5 ). NIRVS also were enriched in regions annotated as exons in Ae. 196 albopictus, but not in Ae. aegypti (Table 2) . 197
The presence of NIRVS in piRNA clusters prompted us to analyze the expression of 198 NIRVS-derived small RNAs. Therefore we used deep-sequencing data from published 199 resources and mapped small RNAs on NIRVS sequences after collapsing those elements 200 that shared identical sequences (Additional File 5: Table S5 ). Small RNAs in the size range 201 of piRNAs (25-30 nucleotides), but not siRNAs (21-nucleotides) mapped to NIRVS in both 202
In both mosquito species, R-NIRVS showed higher coverage than F-NIRVS ( Figure 6E ). 210
These piRNAs were biased for uridine at position 1 and primarily in antisense orientation to 211 the predicted viral ORF, establishing the potential to target viral mRNA ( Figure 6A-D ). Yet, a 212 10A bias of sense piRNAs, particularly in Ae. albopictus indicates some NIRVS produce 213 piRNAs through ping-pong amplification. Interestingly, ping-pong dependent secondary 214 piRNAs seem to be almost exclusively (100% in Ae. aegypti and >99.5% in Ae. albopictus) 215 derived from R-NIRVS ( Figure 6E ). The nature of this specific induction of secondary piRNAs 216 biogenesis from Rhabdoviral sequences is currently unknown. 217
We next analyzed the dependency on and association with PIWI proteins of NIRVS-218 derived small RNAs in Aag2 cells [45] and found that small RNA expression was reduced by 219 knockdown of Piwi5 and, to a lesser extent, Piwi4 and Piwi6 ( Figure 6F ), with only few 220 exceptions. Consistent with this finding, NIRVS-derived small RNAs were most enriched in 221 immunoprecipitations (IP) of Piwi5 and Piwi6 ( Figure 6F ). Together, these data indicate that 222 NIRVS produce piRNAs, the majority of which have the characteristics of primary piRNAs. 223
Yet, secondary piRNA biogenesis as indicated by a 10A bias and association with Ago3, 224 seems to occur specifically from R-NIRVS. 225 226 NIRVS and transposable elements. piRNA clusters in Dr. melanogaster are 227 enriched for remnants of TE sequences, and it is likely that vDNA is produced by the reverse 228 transcriptase activity of TEs [36, 37] . Moreover, NIRVS-derived piRNAs resembled the 229 characteristics of TE-derived piRNAs in their antisense 1U bias and enrichment in Piwi5 and 230
Piwi6 protein complexes. We analyzed the transposon landscape of NIRVS loci by 231 systematically identifying all annotated TEs in the 5 and 10 kb genomic regions flanking each 232 side of the NIRVS integration. We observed that NIRVS were predominantly associated with 233 long terminal repeat (LTR) retrotransposons. Within LTR-retrotransposons, we observed 234 enrichment of members of the Ty3_gypsy families (Table 3) . Such enrichments were even 235 more pronounced in the two regions in Ae. aegypti where 40% of NIRVS reside ( Figure 5 ). reached 23.60-25.88%, 31.35%, and 30.55% in regions flanking all NIRVS-loci, region 1, and 238 region 2, respectively. More strikingly, while the Ty3_gypsy families of LTR retrotransposon 239 occupancy was 2.58% across the entire Ae. aegypti genome, it reached 14.7-17.5%, 14.98% 240 and 24.18% in regions flanking all NIRVS-loci, region 1, and region 2, respectively (Table 3) . 241
Nine full-length TEs were found flanking NIRVS-loci, seven of which are Ty3_gypsy 242 retrotransposons. For example, 3 copies and 1 copy of the full-length Ty_gypsy_Ele58 243 (TF000321) were found in regions 1 and 2, respectively. Moreover, one viral integration in 244
Ae. aegypti (i.e. AeBunya1) was found embedded within a full- we analyzed NIRVS expression using published RNA-seq data from poly(A) selection 255 protocols. Expression levels were < 5 reads per kilobase per million mapped reads (RPKM) 256
for > 92% of all tested NIRVS, including NIRVS that produce piRNAs (Additional File 7: Table  257 S6). Similar to small RNA profiles, expression levels of R-NIRVS were higher than those of 258 F-NIRVS (Additional File 7: Table S6 ). 259
Despite RNA-seq data showing limited transcriptional activity for AlbFlavi34 (RPKM 260 values ranging from 0.009 to 0.013), we analyzed its expression in different developmental 261 stages by RT-qPCR using primers that amplify both the short and long alleles. Cycle 262 threshold (Ct) values ranged from 27 (found in pupae) to 39.34 (detected in ovaries of blood 263 fed-females) and 60% of the samples having Ct> 30, confirming low AlbFlavi34 expression. in larvae (Additional File 8: Figure S1 ). These data support the conclusions that steady-state 266 RNA levels of most NIRVS are rather low or even undetectable. Yet, the production of 267 piRNAs indicates that they must be transcriptionally active. Whether their precursor 268 transcripts are non-polyadenylated or rapidly processed into piRNAs remains to be 269 established. vector competence. We showed that the arboviral vector species Ae. aegypti and Ae. 278 albopictus have ten-fold more integrations than all other tested mosquitoes. Moreover, we 279
found that viral integrations produce piRNAs and occur predominantly in piRNA clusters. Our 280 results support the conclusion that the abundance of viral integrations is not dependent on 281 viral exposure, but seems to correlate with the TE landscape and piRNA pathway of the 282 mosquito. 283 284 NIRVS viral origin. Across all 425 viral species tested, viral integrations had 285 similarities primarily to ISVs of the Bunyaviridae, Reoviridae and, predominantly, 286
Rhabdoviridae and Flaviviridae families. Notably, although the Togaviridae family contains 287 mosquito-borne members as well as insect specific viruses, we identified no integrations 288 from viruses of in this family. Further studies are required to clarify whether this result is due 289 to a sampling bias or to the different evolutionary history of Alphavirus-like versus Flavivirus-290 like viruses [38] . For instance, Eilat virus and the Taï Forest alphavirus are the only insect-291 specific alphaviruses (family Togaviridae) identified and a large screen suggests that Bunyaviridae, Reoviridae, Rhabdoviridae and Flaviviridae families in which many ISVs have 294 been identified [42] . An alternative explanation may be based on the interactions of these 295 viruses with the piRNA machinery. For example, while both alphaviruses and flaviviruses 296 produce vpiRNAs in Aedes, the distribution of piRNAs on the viral genomes are not 297 comparable between these genera, suggesting that piRNA biogenesis might be different [21] . provides access to the mosquito germ-line, a mechanism through which NIRVS could be 310 maintained within vector populations. Thus, the observed higher incidence of NIRVS from 311
ISVs than arbovirus may be linked to differences in the frequency of their transovarial 312 Anophelinae mosquitoes analyzed here were sampled in the same geographic area as Ae.
albopictus, but showed 10 times fewer NIRVS than Ae. albopictus and Ae. aegypti. Overall, 322
these data indicate that viral exposure is not a determinant of NIRVS, but that virus-host 323 lineage-specific interactions play a crucial role in how their genomes co-evolve. Additionally, 324 our comparative analysis shows that Aedes mosquitoes acquire and retain fragments of Ae. aegypti and Ae. albopictus, which could be the result of positive selection favoring the 334 retention of those NIRVS that integrated by chance in these genomic loci [50] . However, we 335 also observed NIRVS in intergenic and coding sequences and found that NIRVS expressed 336 piRNAs independently of their genomic localization. These observations suggest that 337 additional piRNA clusters exist [23, 44] or that other features in these NIRVS loci prime 338 piRNAs production. For example, a piRNA trigger sequence (PTS) was recently found to 339 drive piRNA production from a major piRNA cluster (named Flamenco) in Drosophila [51] . 340
We analyzed the mosquito genome sequences, but we did not find PTS orthologous 341 sequences in either Ae. aegypti nor Ae. albopictus. It remains to be established whether 342
other PTS sequences exist that may explain piRNA production from non-cluster associated 343
NIRVS. 344
Analyses of the integration sites showed that NIRVS are primarily associated with 345 LTR transposons of the Gypsy and Pao families, which are the most abundant TE families in 346
both Ae. aegypti and Ae. albopictus genomes [2]. Additionally, full-length TEs, primarily retrotransposon-derived reverse transcriptase, likely by template switching [20, 37] . This 350 arrangement also is favorable for ectopic recombination, a mechanism proposed for both 351 NIRVS biogenesis and piRNA cluster evolution [52] . Ectopic recombination would be a more 352 parsimonious explanation than independent integrations from the same viral source for our 353 finding of several not physically-linked, but identical Ae. aegypti NIRVS. Despite many 354 remaining uncertainties due to the highly repetitive and complex structure of the regions in 355 which NIRVS map, these data confirm a functional link among NIRVS, TEs, and the piRNA 356 NIRVS had a complete viral ORF, which showed two alleles of different length within the 16 363 individuals of the Foshan strain that we sequenced. The short variant interrupted the NS3 364 ORF. We cannot exclude that this is due to lack of purifying selective pressure as the Ae. to a particular TE landscape may be the trigger for the functional specialization of PIWI 401 proteins. This scenario remains compatible with the possibility that NIRVS outside of piRNA 402 loci encode protein products that compete in trans with virus replication, thereby affecting 403 vector competence [57] . Second, it has been hypothesized that PIWI proteins actively 404 interact with incoming viruses and that they are loaded with episomal vDNAs and integrate them into piRNA clusters [58] . Under this scenario, the selective pressure favoring PIWI 406 protein specialization would come primarily from viruses. Taken together our data show that 407 the interaction between viruses and mosquitoes is a more dynamic process than previously 408 thought and that this interplay can lead to heritable changes in mosquito genomes. Supplemental Table S1 ). Anopheles merus, Anopheles minimus, Anopheles sinensis) vectors depending on whether 421 they most efficiently transmit arboviruses or protozoans to humans, respectively (Additional 422
File 2: Supplemental Table S2 ). The non-vector Anopheles christiy and Anopheles 423 quadriannulatus were also included in the analyses [59] . 424
Host genome sequences of at least 100 bp and with high identity (e-values <0.0001) 425
to viral queries were extracted from the respective insect genomes using custom scripts. 426
When several queries mapped to the same genomic region, only the query with the highest 427 score was retained. Blast hits were considered different when they mapped to genomic 428 positions at least 100 bp apart from each other, otherwise they were included in the same 429
NIRVS-locus. 430
All putative viral integrations were subjected to a three-step filtering process before Pavia at 70-80% relative humidity, 28°C and with a 12-12 h light-dark photoperiod. Larvae 450 are fed on a finely-ground fish food (Tetramin, Tetra Werke, Germany). A membrane feeding 451 apparatus and commercially-available mutton blood is used for blood-feeding females. The resulting indexed BAM files were used to calculate the counts of alignments, with mapping quality score above 10, which overlapped intervals of Ae. albopictus NIRVS using 460 
Bioinformatic analyses of integration sites 471
Clustering of viral integrations in piRNA loci was estimated using cumulative binomial 472 distribution, where the probability of integration was assumed to equal the fraction of the 473 genome occupied by the respective genomic region. Genomic regions considered were 474 piRNA clusters, coding regions and intergenic regions as previously defined [2,23,44]. A 475 value of P < 0.05 suggests a statistically significant enrichment of these events in the 476 corresponding genomic region (Table 2) . which was manually annotated. We used percent TE occupancy (percent of bases in the 481 genomic sequence that match TEs) as an indication for possible enrichment of certain TEs. 482
We did not use TE copy number as indications for TE enrichment because it is likely that 483 some TEs can be broken into multiple fragments and be counted multiple times. We European Nucleotide Archive. Subsequently, small RNA datasets were manipulated using 495 the programs available in the Galaxy toolshed [67] . After removal of the 3' adapter 496 sequences, small RNAs were mapped to NIRVS sequences that were oriented in the 497 direction of the predicted ORF, using Bowtie permitting one mismatch in a 32 nt seed [68] . 498
From the mapped reads, size profiles were generated. For the analysis of nucleotide biases, 499 the 25-30 nt reads were selected and separated based on the strand. The FASTA-converted 500 sequences of small RNA reads were then trimmed to 25 nt and used as input for the 501
Sequence-Logo generator (Galaxy version 0.4 based on Weblogo 3.3 [69]. piRNA counts on 502
individual NIRVS were generated by mapping to NIRVS sequence after collapsing (near-) 503 identical sequences (Additional File 5: Supplemental Table S5 ). Bowtie was used to map the 504 small RNAs allowing one mismatch in a 32 nt seed. Only uniquely mapping reads were 505 considered and the --best and the --strata options were enabled. From the mapped reads, 506 25-30 nt small RNAs were selected. To identify secondary piRNAs, reads in sense 507 orientation to viral ORFs that had an adenine at position 10 were selected. To avoid taking 508 piRNAs into consideration that coincidentally contain a 10A, the population of 10A sense 509 piRNAs was required to make up at least 50% of all sense piRNAs derived from the NIRVS. 510
If this criterion was not met, sense reads from the corresponding NIRVS did not qualify as 511 secondary piRNAs. Total piRNA counts and secondary piRNA counts were determined for F-512 NIRVS, R-NIRVS and Reovirus NIRVS and normalized to the corresponding library size. The 513 size of the Ring-graph was scaled to reflect the total normalized read counts. piRNA counts aegypti, blood-fed Ae. albopictus and male Ae. albopictus mosquitoes. The data was 516 obtained from the same studies as described above. 517
To identify the PIWI dependency of NIRVS-derived piRNAs, we analyzed libraries 518 from Aag2 cells transfected with double stranded RNA (dsRNA) targeting the somatic PIWI 519 genes (Piwi4-6, Ago3) and a non-targeting control (dsRNA targeting luciferase, dsLuc) [45] . 520
These datasets were mapped against the collapsed NIRVS dataset as described above. 521
Since small RNA profiles were dominated by piRNA-sized reads, no further size selection 522 was performed. The mean fold change in small RNA read counts was calculated for each 523 Libraries analyzed correspond to data SRA438038 for Ae. albopictus, and SRA058076, 535 SRX253218, SRX253219 and SRX253220 for Ae. aegypti. RNA-seq reads were mapped 536 using BWA [61] to NIRVS, after collapsing identical sequences (Additional File 5: 537 Supplemental Table S5 ), and read counts were converted into RPKM using custom scripts. Supplemental Table S5 ). Figure 6 
